Since the discovery of microRNA (miRNA)-guided processing, a new type of RNA silencing, the possibility that such a mechanism could play a role in virus defense has been proposed. In this work, we have analyzed whether Plum pox virus (PPV) chimeras bearing miRNA target sequences (miR171, miR167, and miR159), which have been reported to be functional in Arabidopsis, were affected by miRNA function in three different host plants. Some of these PPV chimeras had clearly impaired infectivity compared with those carrying nonfunctional miRNA target sequences. The behaviors of PPV chimeras were similar but not identical in all the plants tested, and the deleterious effect on virus infectivity depended on the miRNA sequence cloned and on the site of insertion in the viral genome. The effect of the miRNA target sequence was drastically alleviated in transgenic plants expressing the silencing suppressor P1/HCPro. Furthermore, we show that virus chimeras readily escape RNA silencing interference through mutations within the miRNA target sequence, which mainly affected nucleotides matching the 5-terminal region of the miRNA.
RNA silencing is a generic term to describe a number of related gene-silencing processes that in recent years have established a new paradigm for understanding eukaryotic gene regulation and revealed novel host defenses against viruses and transposons (3, 35, 37, 44) .
A unifying feature of RNA silencing is the production of small RNAs that are 21 to 26 nucleotides (nt) long and that silence at the transcriptional or posttranscriptional level by virtue of sequence complementarity to their targets (12, 17, 59) . So far, there have been two major effectors of RNA silencing described in plants and animals, small interfering RNAs (siRNAs) and microRNAs (miRNAs) (36, 55) . These tiny RNAs are produced by the cleavage of double-stranded RNA precursors by Dicer, a member of the RNase III family of double-stranded RNA-specific endonucleases. In general, small RNAs associate with a ribonucleoprotein complex, serving as guide sequences to cause either degradation or translational arrest of cognate RNAs (52) .
siRNA-mediated RNA silencing encompasses cytoplasmic mRNA degradation pathways, such as posttranscriptional gene silencing (PTGS) in plants, "quelling" in fungi, and RNA interference in animals, as well as chromatin-based processes. This nucleic acid-based RNA-silencing mechanism is an evolutionarily ancient method conserved among species from different kingdoms that probably acts as a primitive immune system protecting the genome against the deleterious effects of invading nucleic acids (viruses and transgenes) and/or repetitive elements (transposons and centromeres) (18, 44) . It is now generally accepted that PTGS is a major antiviral defense mechanism that is specifically induced by virus infection (3) . On the other hand, viruses have evolved proteins that act as suppressors of the silencing response, underscoring the importance of this defense mechanism (54) . miRNAs comprise one of the most abundant classes of generegulatory molecules in multicellular organisms (2, 7, 19, 27, 34) . They are derived via Dicer cleavage from imperfect hairpin-containing precursors varying in length from ϳ70 to Ͼ300 nt that are encoded mainly in intergenic regions of plant and animal genomes. miRNAs function as negative regulators of gene expression by directing either site-specific cleavage by RNA-induced silencing complex (RISC) or translational repression of cognate mRNAs. In addition, although miRNAs of animals and plants appear to be evolutionarily unrelated, and some of them might be rather specific, many miRNAs are conserved across species, strongly suggesting they have important conserved roles in gene regulation.
Although the biogeneses of siRNAs and miRNAs are quite different, these two types of small RNAs are biochemically indistinguishable. Some data have demonstrated that miRNAs and siRNAs can interact identically with mRNA molecules bearing target sites of equivalent complementarity, indicating that they may be functionally interchangeable (9) . In addition, some siRNAs resemble miRNAs in having trans-acting functions (41, 53) . Nevertheless some other data support the emerging evidence that miRNA-and siRNA-mediated silencing pathways are only partially overlapping (52) .
In contrast with plant and insect virus infections, virusderived siRNAs appear to be exceptional in infected vertebrate cells (4) . On the other hand, some herpesviruses have been shown to produce miRNAs, but their roles are unclear (6, 42, 43) . In addition, a cellular miRNA that interferes with translation of the mRNAs of a primate retrovirus has recently been described (23) .
Here, we have addressed the possibility that miRNA-guided processing might contribute to plant defense by interfering with viral infection in plants, as siRNA-guided silencing does. We conducted a detailed analysis of the infectivities and genome stabilities in different plant hosts of a series of chimeric viruses derived from Plum pox potyvirus (PPV) (30) bearing different engineered miRNA target sites.
RESULTS

Production of PPV chimeras bearing miRNA target sequences.
In order to assess the effect of the miRNA-guided degradation pathway during the course of a plant virus infection, we constructed PPV chimeras containing target sites of miRNAs that have been reported to regulate gene expression in plants through mRNA degradation. The question was whether PPV, a member of the potyvirus family, coding for a silencing suppressor (P1/ HCPro) that interferes with miRNA-guided RNA silencing, would be targeted to degradation through this mechanism.
Two different insertion sites in the genome of PPV, Mlu and Nae, were used to clone different miRNA targets. Mlu constructs produce a mutated CP, since the foreign sequence was cloned into the CP gene (13) . Viral infection with these types of constructs is easily monitored because the chimeric virus also expresses GFP (14) . In the Nae constructs, the miRNA target sequence was cloned between the NIb replicase and CP coding sequences without affecting any viral protein (Fig. 1A) (14) .
Three different miRNAs were chosen, miR171, miR167, and miR159, which target mRNAs coding for SCARECROW-like transcription factors (29) , auxin response transcription factors (46) , and MYB transcription factors (39) , respectively (Fig.  1B) . Moreover, as controls, we cloned modified versions of each miRNA target sequence carrying several scattered point mutations, which were expected to inhibit initial target recognition, thus preventing miRNA-guided processing. We took care to design the mutants with silent substitutions to preserve the amino acid sequence encoded by the foreign insert (Fig. 1B) . The recombinant viruses were inoculated in three herbaceous host plants: N. benthamiana, N. clevelandii, and A. thaliana, by microprojectile bombardment, which is the most effective method described for PPV to infect plants (31) .
Influence of the insertion of miRNA target sequences on virus infectivity. Viral infection was assessed in the uninocu- The results obtained with the chimeras carrying the miR171 targets are shown in Table 1 . The presence of a target for miR171 in the PPV genome at position Mlu (171 Mlu chimera) did not cause a noticeable effect on viral infectivity in any of the three hosts tested. Only after serial passages were the progeny recovered from 171 Mlu-infected plants shown to accumulate mutations at the miRNA target sequence, unlike mutated miR171 constructs at the same position (m171 Mlu), which maintained the inserted foreign sequence intact. In contrast, when the miRNA target sequence was cloned in the Nae site, we observed differences between the chimeras carrying the wild-type (171 Nae) and the mutated (m171 Nae) sequences in the first round of inoculated plants. The infectivity of 171 Nae was lower than that of m171 Nae in N. benthamiana and A. thaliana. Furthermore, 171 Nae showed genomic instability in all the host plants tested, with mutations at the inserted sequence in the virus recovered in 50% of the infected plants. The fact that 171 Nae virus progeny that conserved the wildtype insert in the first inoculated plants accumulated mutations at the miRNA target sequence after serial passages further confirmed the genomic instability of this chimera. No second mutations were detected in any case in the progeny of the m171 Nae chimeric virus, which carries the mutated miR171 target sequence.
We then investigated the effects of the miR167 target sequence on both the Mlu and Nae sites of the PPV genome (Table 2 ). Both wild-type and mutated miR167 target sequences cloned in the Mlu site harmed virus infectivity, suggesting that the foreign amino acids fused to CP in the 167 Mlu and m167 Mlu chimeras had a deleterious effect on PPV replication. Nevertheless, sequencing of the virus progeny of the infected plants showed differences in genome stability between the viruses carrying wild-type and mutated miR167 targets, since most of the 167 Mlu progeny, but not that of m167 Mlu, accumulated mutations in the inserted sequence from the first round of infection. Cloning of the miR167 target sequence in the Nae site gave more conclusive results. In A. thaliana, the infectivity of the chimera bearing the wild-type target (167 Nae) was much lower than that of the chimera with the mutated sequence (m167 Nae). The deleterious effect of the miR167 target sequence was more obvious in the three plant species tested after the sequence analyses of the viral progeny: all 167 Nae-infected plants from the first round of inoculation contained mutations at the inserted sequence, whereas the mutated miRNA target sequence of the m167 Nae chimeras remained stable even after several serial passages.
The effect of the miR159 target sequence was assessed only in the Nae insertion site, which appeared to be more sensitive. miR159 was chosen for this analysis because it is one of the most abundant miRNAs in Arabidopsis leaves and its effect could be stronger than that of other less abundant miRNAs. Indeed, this happened to be the case in the three plant species tested. The presence of an miR159 target site in the genome of PPV clearly affected its replication efficiency, since the infectivity of the 159 Nae chimera was very much reduced-null in A. thaliana-compared to the m159 Nae virus, which bears a mutated target site (Table 3 ). Sequence analysis of the virus progeny corroborated this observation, since the few 159 Naeinfected plants were shown to accumulate mutations at the miRNA target sequence, whereas the foreign sequence of the m159 Nae progeny remained stable (Table 3) .
Effect of PPV infection on miRNA accumulation. Soon after the description of PTGS as an antiviral defense mechanism, it was found that many plant viruses encode proteins that can suppress this type of RNA silencing at different points (48, 54) . The first silencing suppressor described was the P1/HCPro product from potyviruses (1, 5, 21) , and more recently, it has also been shown to interfere with miRNA-mediated regulation (8, 11, 22) . Thus, expression of P1/HCPro alters miRNA ac- cumulation, prevents the cleavage of miRNA targets, and induces developmental defects (8, 11, 22) . We investigated the steady-state levels of the three miRNAs used in this study in N. clevelandii, N. benthamiana, and A. thaliana, either uninfected or infected with PPV. PPV infection enhanced the levels of miR159, miR167, and miR171 in the three plant species assayed, suggesting that P1/HCPro of PPV also affects miRNA activity (Fig. 2) . Interestingly, the accumulation levels of the miRNAs appeared to positively correlate with the strengths of the deleterious effects of their target sequences in the infection of the corresponding PPV chimeras, and those of miR159 and miR171 corresponded to the highest and lowest, respectively. Infectivity of PPV chimeras in P1/HCPro transgenic plants. In order to further investigate the role of the miRNA-guided processing in reduced infectivity of PPV chimeras bearing miRNA target sequences, we used microprojectile bombardment to inoculate transgenic plants expressing P1/HCPro of TuMV (35a). As mentioned above, P1/HCPro expression has been shown to cause increases in miRNA accumulation, together with inhibition of its activity (8, 11, 22) . We verified that the accumulation of miR159, miR167, and miR171 was increased in the P1/HCPro transgenic plants compared to nontransgenic plants (Fig. 2) . It is remarkable that PPV infection and transgenic TuMV P1/HCPro expression appear to enhance the accumulation of each miRNA to a different extent, and the enhancement of miR159 accumulation was greater after PPV infection and that of miR171 was greater after TuMV P1/HCPro transgenic expression (Fig. 2) . The results of the inoculation of P1/HCPro transgenic plants with the PPV chimeras bearing miRNA target sequences are summarized in Table 4 . In general, the infectivities of all the chimeras were higher than that of the A. thaliana Ler (Tables 1 to 3) or Col-0 (data not shown) nontransgenic plants. Furthermore, sequence analyses of the viral progeny of the transgenic plants infected with the 171 Nae, 167 Mlu, and 167 Nae chimeras showed no additional mutations in the miRNA target sequence, revealing an enhanced genomic stability of these chimeras associated with the transgenic expression of P1/HCPro (Table 4 ). In contrast with these results, transgenic P1/HCPro appeared not to be able to completely counteract the effect of miR159 on the 159 Nae virus, since only some of the plants inoculated with this chimera were infected, and also, mutations in its inserted miRNA target sequence were detected in the viral progeny of the 159 Nae-infected plants (Table 4) . Nevertheless, the deleterious effect of miR159 also appeared to be alleviated in the P1/HCPro transgenic plants, since we had not observed infection in any of the wild-type Arabidopsis plants inoculated with the 159 Nae chimera (Table 3) .
Analysis of the mutations accumulated in the miRNA target sequences cloned in the PPV-derived chimeras. Analyses of the mutations accumulated in the virus chimeras escaping from miRNA-guided processing can help us to understand the pairing requirements governing miRNA function. Mutations were detected only within the miRNA target sequences. Two kinds of mutations were observed, insertions and deletions (9 out of 48) (Fig. 3A) , and from single to triple point mutations (39 out of 48) (Fig. 3B) . In some cases, the mutated and wild-type nucleotides coexisted in the virus progeny, but the mutated sequence prevailed after further plant passages. It is notewor- , was blotted and probed with an end-labeled oligonucleotide that was complementary to miR159 (top). The same filter was stripped and reprobed sequentially with radiolabeled oligonucleotides that were complementary to miR167 (upper middle) and to miR171 (lower middle). The miR159, miR167, and miR171 blots show autoradiographs obtained after 5, 7, and 14 days, respectively, of exposure with intensifying screens. The ethidium bromide-stained gel in the zone corresponding to tRNAs and 5S RNAs, prior to blot transfer, is shown (bottom). 
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thy that most of the point substitutions (41 out of 50) were clustered at the 3Ј end of the miRNA target sequence (nt 15 to 21), which pairs with the 5Ј end of the miRNA (Fig. 3B) . This is especially remarkable in the cases of the miR167 and miR159 target sequences, where all identified mutations mapped to the nt 15 to 21 region (Fig. 3B) .
To further investigate the relative relevances of the different residues of the miRNA target sequence, plants were infected with the PPV chimera r171 Mlu, which has the reverse sequence of the miR171 target inserted in the Mlu site (Fig. 1) . We chose this cloning site because the negative effect of miRNA function on PPV-Mlu chimeras is less drastic and allows mutations to accumulate after serial passages. In the r171 Mlu chimera, the putative target for miRNA processing is exposed not in the genomic RNA but in its complementary strand, which is produced during genome replication. PPV r171 Mlu efficiently infected N. clevelandii plants, but when virus progeny from several plants infected after two or three serial passages were analyzed, point mutations were shown to accumulate in the foreign sequence. Seven out of nine mutations mapped between nt 1 and 4 of the insert, which correspond to the 3Ј end of the miRNA target sequence present in the viral minus-strand RNA (Fig. 3B) . These results strongly suggest that minus-strand replicative intermediates are accessible to the miRNA-guided processing machinery and confirm that good pairing between the 5Ј-terminal region of the miRNA and its target sequence is especially relevant for activity.
DISCUSSION
When a virus enters a eukaryotic cell, it has to deal with the activation of many different host defense mechanisms. These mechanisms include the siRNA-mediated silencing first described in plants, and plant viruses are inducers, targets, and suppressors of this mechanism (54) . The miRNA-mediated processing that functions as a negative regulator of mRNAs has features in common with siRNA-mediated silencing: first, miRNAs and siRNAs are chemically indistinguishable, and second, the incorporation of these small molecules into RISClike complexes guides them to the cognate RNA for degradation (52) . It can therefore be easily reasoned that a viral genome could also be targeted by miRNA-guided RNA silencing, either by the effects of specific miRNAs produced against a particular virus or by a fortuitous complementarity to the multitude of miRNAs present in the cells infected by the virus (13). The results described in this work demonstrate that miRNAguided processing targets a plant virus bearing in its genome miRNA target sequences impairing virus infectivity as a consequence (Tables 1 to 3 ). These results agree with the recent report that a chimeric poliovirus RNA can be targeted by let-7 miRNA (16). The normal behavior of some of the PPV-derived chimeras bearing miRNA target sequences in a transgenic Arabidopsis line expressing the silencing suppressor P1/ HCPro protein (Table 4) , which has been shown to inhibit miRNA activity (22) , further supports the idea that the impaired infectivity of the chimeras is due to a functional miRNA-guided activity.
The strength of the effects of the miRNA targets cloned in PPV appears to depend not only on their own nature, but also on the position in which they are inserted in the viral genome, probably indicating either that some sites are more accessible than others to the miRNA silencing machinery or that processing is somehow influenced by the flanking sequences rather than by the miRNA sequence alone. In this regard, although it has been suggested that information outside the miRNA complementary sequence could not be very important for efficient transcript cleavage (50) , there are also data showing strong dependence of the effectiveness of siRNAs on the local structures of their targets (32, 38, 49) . In particular, RNA folding occluding the target sequence from binding to the siRNA or miRNA has been shown to reduce processing efficiency (47, 56) .
It has been suggested that only the viral mRNA, not the genomic RNA, of influenza virus (15) and only the positive, not the negative, strand of poliovirus (16) are susceptible to the RNA-silencing machinery. On the contrary, it appears that both positive and negative strands of hepatitis C virus may be targeted by siRNAs (58) . We observed that virus variants with mutations in the foreign sequence are selected in plants infected with a PPV chimera containing the sense miRNA sequence in the plus-strand genomic RNA, indicating that the RNAs complementary to the viral genome synthesized during viral replication are targeted by miRNA-directed silencing. Whether these contrasting results reflect differences in the susceptibilities of replicative intermediates of different plant and animal viruses to different RNA-silencing pathways requires further study. The extent of the interference with viral infection strongly depends on the miRNA target sequence included in the PPV genome (Tables 1 to 3 ). The drastic effect observed for the miR159 target sequence could be due to the larger accumulation of miR159 that we observed in the leaves of the three plant species analyzed (Fig. 2 ), but it is also possible that miR159 guides the RISC complex to its target more efficiently than miR167 and miR171. On the other hand, PPV infection produces P1/HCPro, which can interfere with miRNA activity. However, the effect of the inserted miRNA target sequences on virus infectivity, which was apparent even in the TuMV P1/HCPro transgenic plants for the 159 Nae chimera, indicates that P1/HCPro activity cannot completely suppress this miRNA activity (see below); thus, different susceptibilities of the miRNAs to P1/HCPro suppression could also contribute to the differences in the ability to affect virus infection observed among the target sequences.
In general, the infectivities of the different PPV chimeras bearing miRNA target sequences are similarly affected in the three host plants tested, indicating not only the evolutionary conservation of the genes encoding the miRNAs, but also that they are functional (Tables 1 to 3 ). However, the effects appear to be more severe in A. thaliana. We cannot discern whether this is due to a more efficient activity of the miRNAs of this plant on the target sites cloned in the PPV-derived chimeras (which correspond to the published Arabidopsis sequence) or to a putative lower fitness of wild-type PPV in A. thaliana than in N. clevelandii or N. benthamiana. Moreover, although PPV infection enhanced the miRNA levels in the three plant species assayed, the possibility exists that the most drastic effect of miRNAs on the chimeric viruses in Arabidopsis could be the result of a lower PPV HCPro activity in this host than in the other two species.
Sequence analysis of the viral progeny of plants infected with PPV chimeras bearing miRNA target sequences has shown that they can readily escape the negative pressure of miRNA activity through mutations in the inserted foreign sequence. As stated above, the viral silencing suppressor P1/HCPro could help viruses at early infection times, allowing genome replication and the appearance of mutations that improve virus fitness. In this regard, in P1/HCPro transgenic Arabidopsis plants, no mutations were observed after infection with chimeras bearing miR171 or miR167 target sequences, supporting the idea that in these plants, inhibition of miRNA activity is stronger and selection of mutations is no longer necessary. For the 159 Nae chimera, mutations appeared even in the transgenic line, again suggesting that the degradation pathway guided via miR159 is more efficient.
The precise rules governing siRNA and miRNA target recognition are still poorly defined, and there are controversial data. Scrutiny of the mutations associated with escape of the PPV chimeras from the miRNA activity can give useful information about the pairing requirements for miRNA function in planta, an issue little explored so far (33) . Our results provide especially reliable information about this, since the mutations are introduced in the target sequence and not in the miRNA, so the analysis is not biased by the ability of the miRNA to enter the RISC complex (51) . Moreover, the target sequence analyzed is not a viral sequence, so it has no restriction on mutation in advance. In theory, all the positions along the 21 nt of the nonviral miRNA target sequences can be mutated, but only mutations which confer an advantage for virus replication, in this case by escaping miRNA activity, would be selected. One main conclusion of our results is that mismatches at the 5Ј end of the miRNA are not well tolerated, since 82% of the point mutations map between nt 1 and 7 of the miRNA sequence (numbered from the 5Ј end). So far, it has been accepted that miRNAs in plants have a propensity to pair with target mRNAs with near-perfect complementarity, enabling targets for most plant miRNAs to be easily predicted. However, our results and others (33, 40, 50) strongly suggest that pairing with mismatches at positions different from the 5Ј end could be well tolerated. Schwab et al. (50) mapped the mismatch-sensitive region to positions 2 to 12, but we detected mutations at positions 8 to 12 or beyond only in the miR171 target sequence (Fig. 3B) , which is the target sequence that had the least effect on infectivity of the virus chimeras (Tables  1 to 3 ), supporting the suggestion that complementarity at the closest proximity to the 5Ј end of the miRNA is especially relevant for its activity. On the other hand, the selection of point mutations downstream of nt 12 in the progeny of chimeras bearing the miR171 target sequence, and of small deletions affecting sequence complementary to the 3Ј half of the miRNA in those of chimeras bearing miR171 and miR167 target sequences (Fig. 3A) , indicates that complementarity outside the 5Ј half of the miRNA sequence also contributes to miRNA activity, although to a lesser extent. It is also remarkable that the selection of mutants containing insertions in the cloned target sequences clearly indicates that looping is not allowed in the pairing between miRNA and cognate RNA.
Our results agree with those that support a model in which the 5Ј region of miRNAs is critical for initial target RNA binding in animals (24, 25) and plants (33, 40, 50) . Interestingly, our data differ from those obtained recently in which animal viruses (poliovirus, hepatitis C virus, and human immunodeficiency virus) escape RNA interference guided by an miRNA or by synthetic siRNAs (16, 56, 58) or in a systematic analysis of the silencing effects of an siRNA on mismatched target sites (10) . These studies conclude that mutations at either side of the central region are critical for target recognition. This disparity in the most important regions for target recognition suggests the existence of important differences between plants and animals in the miRNA-and siRNA-guided silencing machineries. These differences might account for the apparently higher specificity of plant miRNAs than those of animals (26, 50) that is reflected in the large off-target effects of many siRNAs administered to animal cells (20, 45) .
What can we tell now about the possible role of the miRNAguided silencing pathway in natural virus infections? The existence of cellular miRNAs that target viral mRNAs (23) and of miRNAs produced by animal viruses (6, 42, 43) clearly demonstrates the relevance of these small RNAs for viral infections, at least in animals. However, it appears that the role of miRNAs is more devoted to reaching an equilibrium between virus and host (persistent infection) by interfering both with host defenses and with excessive virus proliferation than to fighting to eliminate the virus. Our study shows that plant viruses can be targets for the miRNA-directed processing but can readily escape it by two different mechanisms, either by coding for efficient silencing suppressors that inhibit miRNA activity or by mutation of the target sequences, abolishing the pairing requirements needed for proper miRNA function. Although we cannot rule out the possibility that some miRNAs able to overcome the activity of viral silencing suppressors could efficiently interfere with virus replication by targeting an essential nonmutable viral RNA sequence, this appears to be rather unlikely.
